Using a rigorous computer simulation program for current transport through a Schottky barrier with an arbitrary potential profile, the leakage current mechanism in GaN and AlGaN Schottky diodes was investigated on the basis of the thin surface barrier ͑TSB͒ model recently proposed by the authors' group. Computer simulation assuming various possible defect density distributions was carried out to reproduce the measured temperature dependent current voltage (I -V)-temperature characteristics of the GaN and AlGaN Schottky diodes which showed excessive reverse leakage. By assuming exponentially decaying distributions from surface for defect donors with energy depth of 0.25 eV for GaN and 0.37 eV for Al 0.15 Ga 0.85 N, I -V curves measured by our group as well as reported in the literatures were almost completely reproduced both in forward and reverse direction over a wide temperature range. The defect donors are proposed to be N vacancies or their related complexes that are formed during metal deposition. The result confirms the validity of the TSB model. From the viewpoint of the TSB model, attempts were also made to suppress leakage currents. It was found that a low-energy electrochemical metal deposition process and a metalinsulator-semiconductor Schottky structure using an ultrathin Al 2 O 3 film by electron cyclotron resonance oxidation of Al film were remarkably effective in reducing excess leakage currents due to reduction of defect deep donors.
I. INTRODUCTION
Formation of high-quality Schottky barrier contacts on III-V nitrides is essentially important for their application to devices such as high frequency/high power heterostructure field effect transistors ͑HFETs͒, metal-semiconductor FETs, power rectifiers, ultraviolet photodetectors, and various gas sensors. In particular, smallness of reverse-bias leakage currents of the Schottky barrier is a major concern in such devices from the viewpoints of precise depletion edge control, operation stability and reliability, power consumption, and noise performance. However, Schottky diodes formed on GaN and AlGaN usually suffer from excess reverse leakage currents that are many orders of magnitude larger than the prediction of the thermionic emission ͑TE͒ model. [1] [2] [3] [4] [5] [6] [7] [8] This causes serious problems such as the off-state leakage in FETs 9 and the dark current in various kinds of detectors. We have also proposed recently that surface defects causing large leakage in Schottky gates are also responsible for the so-called current collapse in AlGaN/GaN HFETs. 8 Although numerous studies have been made on GaNbased Schottky diodes having various kinds of barrier metals, they focused, in most cases, on the forward current transport and only limited attempts have so far been made to explain the mechanism for large reverse leakage currents. For example, Yu et al. 10 and Miller et al. 11 calculated tunneling currents through GaN and AlGaN Schottky barriers, assuming a triangular Schottky barrier. However, in their calculation, they had to use unreasonably large donor densities that are more than 1 order of magnitude larger than the actual doping concentration in order to reproduce the observed temperature ͑T͒-dependent current-voltage (I -V) curves. Thus, they had to suggest some other processes such as defectassisted tunneling which enhances leakage currents. Although several other groups also suggested contribution of the trap-assisted tunneling transport to excess reverse leakage currents, 3, 12 such transport requires either a multistep tunneling process with unrealistically large electron capture cross sections of defects, or presence of a energy continuum formed by defects with a significantly wide energy band width throughout the depletion region of the semiconductor. Thus, presence of such a transport process is far from having been well established.
On the other hand, we have recently proposed an entirely different model called the thin surface barrier ͑TSB͒ model 7 for both forward and reverse current transport in GaN Schottky barriers. Here, it is assumed that the width of the Schottky barrier is reduced due to the presence of unintentional surface defect donors, and that thermionic field emission ͑TFE͒ or field emission ͑FE͒ through the resultant thin surface barrier gives the major current leakage path in both forward and reverse directions. This model could explain the temperature dependences of the measured I -V curves systematically. However, detailed quantitative agreements between theory and experiment were not entirely satisfactory, and this was thought to be due to use of approximate analytical formulas that were obtainable only for the case of a simple rectangular distribution of shallow defect donors.
The purpose of this article is to further confirm the validity of the TSB model for GaN and AlGaN Schottky barriers a͒ Author to whom correspondence should be addressed; electronic mail: kotani@rciqe.hokudai.ac.jp by a rigorous computer simulation. Limited attempts to reduce excess leakage currents were also made on the basis of an understanding. For this purpose, a simulation program for an arbitrary distribution of defect donors was developed. It is shown that deep defect donors with particular energy depths and exponentially decaying density distributions from the surface can reproduce the observed I -V characteristics of our GaN and AlGaN Schottky diodes as well as others almost completely over a wide temperature range. The defect donors are proposed to be N vacancies or their related complexes that are formed during metal deposition. Additionally, a low-energy electrochemical metal deposition process and a surface passivation process using an ultrathin Al 2 O 3 layer were found to be very effective in suppressing formation of surface defect donors and reducing reverse leakage currents.
II. NUMERICAL SIMULATION METHOD OF I -V -T CHARACTERISTICS

A. Current transport in a Schottky barrier with an arbitrary potential profile
Let us start by considering current transport in a Schottky barrier with an arbitrary potential barrier shown in Fig. 1 in a general way. The infinitesimal number of electrons having a total energy, E in the infinitesimal volume dk x dk y dk z in the k space may move from semiconductor to metal or from metal to semiconductor through the Schottky barrier. These flows can be expressed by the following equations, respectively:
Here, it is assumed that energy and momentum are conserved during transport and that the transport probability for an electron is given by T(E x ) as a function of the x component of energy, E x ϭប 2 k x 2 /2m* where k x is the wave number normal to the barrier, ប is the reduced Planck's constant, and m* is the effective mass. k y and k z are the wave number parallel to the Schottky barrier, and f s (E) and f m (E) are the Fermi-Dirac distribution functions for semiconductor and metal, respectively. Since only electrons that have a negative or positive group velocity component can go into the Schottky barrier from the semiconductor and from the metal side, respectively, and contribute to the current, the current from semiconductor to metal through the Schottky barrier region can be expressed by the following general expression:
͑2͒
By converting the double integral with respect to k y and k z to an integral with respect to the parallel component energy,
This is a very general basic expression for current transport in a Schottky barrier first derived for field emission into vacuum by Stratton. 13 Presently it is often used in the device simulators. If we only consider electrons which have a sufficiently large x component energy to go over the Schottky barrier, and we assume that T(E x )ϭ1 for them, ignoring possible quantum reflection, and that T(E x )ϭ0 for the rest of electrons, Eq. ͑3͒ reduces to the standard equation for TE transport.
In the case where tunneling transport through the barrier becomes very important as in the case of the present study, the simplest way to deal with it is to use the conventional ͑WKB͒ approximation, although a more elaborate and rigorous approach using the transition matrix may also be used. According to the Wentzel-Kramers-Brillouin approximation, the tunneling probability T(E x ) for an electron having an x component of energy, E x , is given by
where (x) is the potential function, and x 1 and x 2 are classical turning points shown in Fig. 1 .
Historically, Padovani and Stratton 14 studied the tunneling current transport through a Schottky barrier formed on a highly doped material by combining Eqs. ͑3͒ and ͑4͒, and derived approximate analytical formulas for I -V characteristics. The background physics was the following. Since T(E x ) is an exponentially increasing function of E x as seen in Eq. ͑4͒, and f m (E x ) is an exponentially decreasing function, the integrand in Eq. ͑3͒ forms a Gaussian peak for tunneling at a certain energy whose energy position is temperature dependent. At a sufficiently low temperature, this peak takes place at the Fermi level, leading to the so-called FE at the Femi level. On the other hand, at elevated temperatures, the peak occurs above the Fermi level, leading to the TFE. From such a consideration, Padovani and Stratton were able to derive approximate analytical formulas based on the Taylor expansion of the integrand of the above Eq. ͑3͒ around the energy position for the Gaussian peak.
However, such an analytical treatment is only possible for uniformly doped semiconductors. Therfore, in the present article, I -V characteristics were numerically calculated using Eqs. ͑3͒ and ͑4͒ for various possible distributions of nearsurface defect donors on the basis of the TSB model. For this purpose, a computer program to calculate Eqs. ͑3͒ and ͑4͒ was developed. The potential profile of the Schottky barrier was calculated by solving the Poisson equation selfconsistently, using a simulation program previously developed by our group. Unlike the analytical treatment by Padovani and Stratton, 14 our numerical calculation includes contribution of thermionic emission by putting T(E x )ϭ1 for electrons which can go over the Schottky barrier. Such a TE transport becomes dominant at high temperatures. Thus, our approach takes into account all the possible current transport mechanisms automatically.
B. Comparison with previous analytical formulas and with experiment on GaN
First, the validity of the previous analytical formulas by Padovani and Stratton 14 was investigated for uniformly doped semiconductors. For this, we calculated I -V characteristics of a Schottky diode for various doping densities and temperatures by our computer program, and compared the results with those by the analytical formulas. For the forward bias region, both methods gave nearly the same I -V characteristics. In particular, analytical formulas included the following well known formula for the ideality factor n F for the forward TFE/TE transport n F ϭ͑E 00 /kT͒coth͑E 00 /kT͒, ͑5a͒
where N D is the bulk doping density of the semiconductor. In Fig. 2͑a͒ , calculated values of n F using Eq. ͑5͒ are shown by solid curves and those by our computer program are shown by symbols. The Schottky barrier height ͑SBH͒ was assumed to be 0.85 eV. A very good agreement is seen here. For the reverse leakage currents, calculated curves by the analytical formulas of Padovani and Stratton and those by the computer program are shown in Fig. 2͑b͒ by solid and dashed curves, respectively, for a Schottky diode with SBH ϭ0.85 eV and a doping density of N D ϭ1ϫ10 17 cm Ϫ3 . Again, good agreements are seen. Agreements became somewhat poorer as the doping density was increased into the 10 18 cm Ϫ3 range due to the following unfavorable features of the analytical formulas for the reverse currents. Namely, two different analytical formulas were derived: one for the large reverse bias range where transport is strongly by the FE mechanism and one for the small reverse bias range where transport is strongly by the TFE mechanism. As a result, the errors are enhanced in between two bias ranges, and an artificial connection of two analytical formulas produce artificial kinks in the theoretical curves, as discussed in Ref. 7 .
In spite of the above unfavorable features, I -V characteristics of highly doped Si and GaAs were reported to be well explained by the analytical formulas of Padovani and Stratton. 14 In order to see whether these formulas are also applicable to Schottky barriers on highly doped GaN, reverse leakage currents data measured in our laboratory on a Ni/n-GaN Schottky diode with a doping density of N D ϭ1 ϫ10 17 cm Ϫ3 is also shown in Fig. 2͑b͒ by closed circles and squares. It is seen in Fig. 2͑b͒ that measured leakage currents are many orders of magnitude larger than the theoretical values calculated on the computer and by analytical formulas, and that the observed temperature dependence of current is much smaller than the theoretical prediction. Thus, a simple TFE/FE transport model cannot explain large reverse leakage currents in GaN Schottky diodes at all. 
C. TSB model
In order to explain anomalously large leakage currents observed in GaN and AlGaN Schottky diodes, Hasegawa and Oyama 7 have recently proposed a TSB model schematically shown in Fig. 3͑a͒ . The model assumes formation of high densities of unintentional defect donors near surface which reduces the width of the Schottky barrier, thereby enhancing the electron tunneling through the thin surface barrier in both forward and reverse directions in the form of a Gaussian beam. Either TFE or FE mechanism becomes dominant, depending on the temperature, bias direction, and bias magnitude. Assuming a rectangular distribution of defect donors on top of the uniform bulk doping, a set of analytical formulas were derived, and they explained the behavior of anomalously large leakage currents remarkably well. 7 However, detailed quantitative agreements between theory and experiment were not entirely satisfactory due to the use of a simple rectangular distribution for which only an analytical treatment was possible.
As for the origin of defect donors, we proposed in our previous article 7 that the defect donor is due to N vacancy or its related complex. Whether it is a shallow donor or deep donor could not be decided by the previous calculation, since only the case of the shallow donor could be treated analytically. From the viewpoint of theoretical defect physics, Neugebauer and Van de Walle, 15 and Boguslawski et al. 16 have calculated energy levels of native point defects in GaN. They concluded that a simple N vacancy defect (V N ) acts as a shallow donor. On the other hand, recent results of calculation by Yamaguchi and Junnarkar 17 predicted that the V N defect can form an s-like deep donor with E DD of about 0.3 eV. Experimentally, our recent transient analysis of drain currents in gateless HFETs with various surface treatments has detected presence of a N vacancy related deep donor level 8 with the energy depth of 0.37 eV on the Al 0.25 Ga 0.75 N surface. Thus, if the calculation of I -V curves can also be made for various values of the energy depth of the defect donor, it will be beneficial to resolve this issue.
Thus, theoretical I -V curves were calculated in this article for various possible distributions of the defect donor as well as for various energy depths of the defect donor so as to reproduce the experimental I -V curves over a wide temperature range.
D. Parameters for numerical simulation of I -V -T curves
As possible spatial density distributions of the defect donor near surface, fittings were attempted for various peaked and decaying distributions shown in Fig. 3͑b͒ with characteristic parameters. As peaked distributions, a rectangular distribution, a parabola-shaped distribution, and a Gaussian distribution were investigated, and as decaying distributions from the surface, a linearly decaying distribution, a quadratically decaying distribution, and an exponentially decaying distribution were tried. Roughly speaking, if defects are introduced at a certain point of time during crystal growth, a peaked distribution is likely to occur, and if defects are introduced from the surface during crystal growth or during processing after crystal growth, a decaying distribution from the surface is more likely. For the exponential distribution, the following expression was used:
As another important parameter, the energy depth, E DD of the defect donor shown in Fig. 3͑c͒ was also varied as a fitting parameter.
III. RESULT OF FITTING AND DISCUSSION
A. GaN and AlGaN Schottky diode samples
As the experimental data for fitting, we used I -V data measured on Ni/GaN and Ni/Al 0.15 Ga 0.85 N diodes over a wide range of temperature T in our laboratory as well as those reported by other workers. The structure of our sample is shown in Fig. 4͑a͒ . In these samples, n-GaN and n-AlGaN layers were grown by metalorganic vapor phase epitaxy. A typical value of electron mobility at room temperature was 500 cm 2 /V s for GaN and 100 cm 2 /V s for AlGaN. A ring shaped ohmic contact was formed by standard photolithography on the GaN and AlGaN surface, using a Ti/Al/Ti/Au ͑20/80/20/50 nm͒ alloy which was annealed at 600°C for 2 min. Circular Schottky electrodes with a radius of r ϭ100-300 m were formed at the center of the ohmic ring by a conventional electron-beam ͑EB͒ deposition process.
Since our samples had a lateral electrode configuration for the ohmic contact, there is a possibility that extra surface leakage currents flow in addition to bulk Schottky currents.
To check the presence of such a possibility, I -V characteristics were measured for samples having different areas. The result for Ni/n-GaN Schottky diodes having different radii is shown in Fig. 4͑b͒ in terms of the apparent current density defined as the measured current divided by the Schottky electrode area. The values of the apparent current density agree very well among samples with different radii, indicating that the measured apparent current densities can be regarded as the true current densities representing bulk Schottky barrier currents.
B. Fitting for our GaN Schottky diodes
First, we tried to reproduce the experimental data of our Ni/n-GaN diode by calculating I -V -T characteristics for various possible density distributions and various energy depths of the defect donor. It may look at first like various combinations of density functions, their parameters, and energy depths will reproduce the experimental data due to the presence of many fitting parameters. However, it has turned out that it is not the case at all, and that successful fitting is possible only for one particular combination of distribution and energy depth, i.e., an exponentially decaying distribution and an energy depth of E DD ϭ0.25 eV, if one tries to reproduce the experimental data in both forward and reverse directions over a wide temperature range at the same time. This is probably because of the extreme sensitive nature of the tunneling process against the change of distribution shapes and slight variation of parameter values.
To show this, some fitting results are shown in the following. In all the fittings, the bulk shallow donor density N D was set to be that of the experimental sample of N D ϭ1 ϫ10 17 cm Ϫ3 . Figure 5͑a͒ shows one of examples of the fitting into a rectangular distribution. The energy depth of E DD ϭ0.25 eV was assumed. Here, series resistances of 0.5-13 ⍀ cm 2 were introduced to fit the I -V data in the high forward bias region. We used a rectangular distribution with N 0 ϭ2ϫ10 18 cm Ϫ3 and Dϭ23 nm so as to obtain a good fitting in the forward bias region. However, the results of calculation were then far away from the experiment in the reverse bias region, as seen in Fig. 5͑a͒ . A fitting example for a parabola distribution is shown in Fig. 5͑b͒ , assuming again E DD ϭ0.25 eV. A reasonably good fitting was obtained for forward direction for a parabola with N 0 ϭ5ϫ10 18 cm Ϫ3 and Dϭ16 nm. However, fitting for reverse I -V -T characteristics was poor as shown in Fig. 5͑b͒ . Attempts using a Gaussian distribution gave similar poor results. Many trials for fitting indicated that none of the peaked distributions shown in Fig. 3͑b͒ were suitable for reproducing the experimental I -V -T curves, even if the distribution parameters and the energy depth of the defect level were changed over wide ranges.
As a representative of the decaying distribution, two fitting results for an exponentially decaying distribution with a shallow energy depth of E DD ϭ10 meV are compared in Figs. 6͑a͒ and 6͑b͒. By assuming N 0 ϭ3ϫ10 18 cm Ϫ3 and ϭ30 nm, we could obtain a reasonably good agreement in the forward direction. For the reverse bias region, however, the calculation resulted in an extremely poor agreement, giving much larger magnitudes of currents with much weaker temperature dependence of currents than the experiment. Using a slightly different exponentially decaying distribution having N 0 ϭ5ϫ10 18 cm Ϫ3 and ϭ11 nm together with the same shallow energy depth of E DD ϭ10 meV, a reasonably good fitting was found to be possible in the reverse direction, as shown in Fig. 6͑b͒ . However, agreement in the forward direction became very poor.
After many trials, we obtained the best fitting result for the Ni/GaN Schottky diode by assuming an exponential decaying distribution shown in Fig. 7͑a͒ with E DD ϭ0.25 eV. The fitting result is shown Fig. 7͑b͒ . The simulation reproduced forward and reverse I -V -T behavior almost completely. For the same set of experimental I -V -T data used in this study, our previous analytical calculation 7 for a rectangular distribution of surface defect donors superposed on bulk uniform doping, resulted in an equally good fitting with the experiment for the forward bias region. However, agreement was much poorer in the reverse direction. Furthermore, artificial connection of the approximate analytical formulas for FE and TFE transport produced artificial kinks in the theoretical curves for intermediate reverse biases 7 similar to the case of uniform doping mentioned above. The present computer simulation solved all these problems. It should be emphasized that, in order to achieve such good fitting for both forward and reverse directions simultaneously over a wide temperature range, defect donors should have a specific exponentially decaying distribution with a specific energy depth. For three types of decaying distributions of linearly decaying, quadratically decaying, and exponentially decaying distributions shown in Fig. 3͑b͒ , fitting improved with this order, and the best was obtained with the exponential distribution. Even for the exponential distribu- tion, choice of the parameter values was very critical. To show this, the parameter sensitivities of reverse current density are plotted versus values of N 0 and in Fig. 7͑c͒ for various temperatures. The currents were very sensitive to choice of both N 0 and , especially in the low temperature region.
Similarly, it was found that the energy depth E DD should be larger than 0.2 eV and below 0.35 eV to obtain acceptable fittings. The best value was 0.25 eV. Thus, the defect donor is a deep donor rather than a shallow donor. This value agrees with the theoretical value obtained by the s-like donor model for N vacancy. 17 In order to understand how the energy depth of the defect donor can be determined by I -V -T fitting, the shapes of the Schottky potential barriers were calculated for various values of energy depth. For example, calculated barrier shapes at the forward voltage of 0.3 V and at the temperatures of 150 and 300 K are compared in Fig. 8͑a͒ for the cases of E DD ϭ0.01 and 0.25 eV. The same exponentially decaying defect distribution shown in Fig. 7͑a͒ with N 0 ϭ5 ϫ10 18 cm Ϫ3 and ϭ11 nm was assumed. It should be noted that it is the same distribution used to obtain fitting shown in Fig. 6͑b͒ . In the case of E DD ϭ0.01 eV, almost the same thin barrier was formed at both temperatures due to the full ionization of shallow defect donor. This gave a larger magnitude and weaker temperature dependence of calculated forward currents than experimental ones, as seen in Fig. 6͑b͒ . On the other hand, a much larger change of barrier profile was seen in the case of E DD ϭ0.25 eV due to reduction of the density of the ionized defect donors with decrease of temperature. This reduces tunneling current and increases its temperature dependence at low temperatures, leading to a good fitting of forward current shown in Fig. 7͑b͒ .
As for the reverse currents, the main feature of both of experimental and calculated currents shown in Fig. 7͑b͒ is that they show a large temperature dependence at small biases, and temperature dependence is remarkably reduced as the reverse bias is increased. To understand this behavior, the energy distribution of electrons was calculated for different biases in terms of current density per unit energy as shown in Fig. 8͑b͒ . In all cases, distributions are nearly of Gaussian shape, as mentioned previously. However, its peak position is dependent on bias and temperature. When the reverse bias is small, the peak position is considerably above the metal Fermi level at 300 K, showing TFE transport, and it approaches the metal Fermi level at 150 K, leading to FE transport. On the other hand, the peak is always close to the metal Fermi level even at 300 K at large biases, and this gives a weak temperature dependence resulting from the FE transport. Thus, the anomalously large and weakly temperature dependent reverse leakage current in GaN Schottky barriers is mainly due to field emission from the metal Fermi level into the semiconductor at large reverse biases through a thin surface barrier which is further thinned down by a strong electric field.
C. Fitting for GaN Schottky diodes reported in literature
We also attempted to fit our calculation to experimental I -V data of various GaN Schottky diodes reported by other groups. Figure 9͑a͒ shows fitting results to the experimental data on three different Pt/GaN diodes, S 1 , S 2 , and S 3 . S 1 is after Guo et al., 1 S 2 is after Schmitz et al., 2 and S 3 was prepared in our laboratory. Pt was deposited by EB deposition for three diodes. Excellent fitting was obtained for all three I -V data by assuming the exponentially decaying distributions shown on the right of Fig. 9͑a͒ . The same energy depth of E DD ϭ0.25 eV was used.
For comparison, the reverse current for the case of no defect donor (N 0 ϭ0) is shown by a dashed curve for the case of N D ϭ1ϫ10 17 cm Ϫ3 . The experimental currents are 7-8 orders of magnitude larger than the ideal case in all cases at high reverse biases. Detailed behavior of currents at low biases is, however, considerably different among three diodes. To understand this, the calculated energy distributions of tunneling electrons at a relatively small bias of Ϫ1.5 V are shown in Fig. 9͑b͒ . In the case of the S 1 diode, the GaN surface possesses the highest density of defect donors with the shallowest distribution. This resulted in the thinnest barrier width, leading to the highest Gaussian peak at a relatively high energy position, giving a large leakage current even at low biases. On the other hand, lower and wider distributions of defect donors in S 2 , and S 3 diodes results in much smaller Gaussian peak heights, leading to smaller currents. It is seen that slight change in the defect donor distribution sensitively changes the height and position of Gaussian peaks, indicating that details of distribution of the surface defect donors play a dominant role in determining leakage behavior of GaN Schottky diodes. 
D. Fitting for AlGaN Schottky diode
The I -V -T characteristics of Al 0.15 Ga 0.85 N Schottky diodes were also investigated. As shown in Fig. 11͑a͒ , the fabricated Ni/AlGaN diode exhibited large reverse leakage currents with strong bias dependence and very small temperature dependence. The result of fitting is also shown in Fig. 11͑a͒ . The spatial distribution and the energy depth of the surface defect donor, which gave the best fitting result, are shown in Fig. 11͑b͒ . Again, good fitting was possible only for an exponentially decaying distribution of deep donors. We used E DD ϭ0.37 eV obtained by our transient measurements on gateless AlGaN/GaN HFETs 8 which also turned out to be the best value for fitting.
An extremely high density of the defect donors seems to be present near the surface. This resulted in highly anomalous I -V -T characteristics of the Schottky diode with excess leakage currents as observed as gate leakage in AlGaN/ GaN HFETs. 9 The origin of the defect donor seems again to be N vacancy or its complex as discussed in Ref. 8.
E. Formation mechanism of defects and comparison with other models
All the successful fitting obtained here had the following features: ͑1͒ The exponentially decaying distribution from surface always gave the best fitting. ͑2͒ The best energy depth was always the same, being E DD ϭ0.25 eV for GaN and 0.37 eV for Al 0.15 Ga 0.85 N. ͑3͒ The best values of N 0 and of the exponential distribution were, on the other hand, very different from sample to sample, ranging from 1 ϫ10 18 to 4ϫ10 19 cm Ϫ3 for N 0 and 3-30 nm for with a rough trend of large values of N 0 giving small values of . These features strongly indicate that the defect is the same for all the samples, being most likely N vacancy or its related complex, 7, 8, 19 as mentioned already. These defects must be introduced from the surface either during crystal growth or during processing. In fact, we have previously detected the presence of a N vacancy related surface deep donors on the molecular beam epitaxy grown GaN surface by using a photoluminescence-based technique. 20 But, the density was much smaller than the above numbers. The maximum pen- etration depth of ϭ30 nm also seems to be too large for the case of defect introduction during crystal growth.
As the formation mechanism of defect donors, we propose that the defect donors in the Schottky barriers are largely introduced during the process of deposition of metal by EB deposition, sputter deposition, or standard vacuum deposition where the surface is hit by high-energy metal atoms. In such cases, formation of process-induced deep levels depends on processing conditions, and can penetrate deep into the bulk. In fact, defect formation into depths deeper than 100 nm has been reported in the literature [21] [22] [23] [24] [25] for EB deposition and sputter-deposition processes applied to GaAs and GaN. Thus, ϭ30 nm obtained by the present simulation is a very realistic value. The values of the integrated sheet density of defects given by N 0 were in the range of 4 ϫ10 12 -1.4ϫ10 13 cm Ϫ2 in our simulation, and these values again seem to be typical numbers for process-induced defects. The observed rough trend of large values of N 0 giving small values of may be related to the thermal environment for processing such as substrate temperatures, annealing conditions, and cooling conditions. The exponentially decaying density distribution of defects, which was determined to be the most likely distribution by fitting, seems also to be consistent with the picture of processing induced defects. This is because, if the excess energy for defect formation carried by hot phonons, hot electrons, and/or energetic atoms, decays at a constant rate from surface into bulk, the distribution of density of defects which is proportional to energy loss, will also be an exponential one. Thus, the present simulation based on the TSB model together with metal-deposition induced formation of N vacancy or its complex seems to be capable of explaining all the aspects of experimental observation.
Finally, let us comment briefly on other models on reverse leakage currents in nitride based Schottky diodes. Several groups qualitatively suggested a trap-assisted tunneling mechanism for excess leakage currents in the reverse bias region. 3, 10, 11 Here, the presence of discrete deep-level states or a continuum of trap states near the Schottky interface is assumed, and they are supposed to provide tunneling paths through the energy barrier after capture of electrons by thermal excitation. However, it is difficult to explain the observed large leakage currents by such a two-step or multistep process involving carrier capture by defects with small capture cross sections. Additionally, at low temperatures, the thermal excitation process of electrons from metal to higher trap levels would be suppressed and the current should be limited with the FE process. Experimentally, however, currents were far larger the prediction by the FE mechanism, as was shown in Fig. 2͑b͒ . Very recently, Karmalkar and co-workers 12 tried to fit the gate leakage current of AlGaN/ GaN HFETs by the calculation based on the trap-assisted tunneling model under the unlikely assumption of a defect continuum with wide energy band widths. One has to assume a continuum with energy widths of 0.66 -0.90 eV extending throughout the depletion region of the semiconductor. This assumption is unacceptable because there has been no direct experimental evidence for the existence of such a peculiar defect continuum.
IV. SUPPRESSION OF REVERSE LEAKAGE CURRENTS
According to the discussion in the previous section, highenergy metal atoms most likely cause the escape of N atoms from the surface during the metal deposition processes, and introduce N-vacancy-related deep donor levels near the Schottky interface. Based on this idea, we explored two possibilities of reducing leakage currents. One is the use of a low-energy electrochemical metal deposition process, and the other is to insert a high quality buffer layer at the Schottky interface to avoid direct bombardment by highenergy metal atoms. Figure 12͑a͒ shows the I -V curves of Pt/n-GaN Schottky diodes fabricated by a standard EB deposition process and by the electrochemical process whose details are given in Ref. 26 . As mentioned in Sec. III B, the diode fabricated by the EB process exhibited large leakage currents at the reverse bias region due to the existence of high density of the surface defect donor. On the other hand, a remarkable suppression of leakage current was observed for the diode formed by the low-energy/low-temperature electrochemical process. The simulation of its I -V curve showed that the electrochemical process can dramatically suppress the generation of the defect donors. Very recently, Miller and co-workers 27 also reported about 3 orders reduction of reverse-bias leakage current in a Ni/n-GaN diode by an electrochemical treatment in NaOH solution at 30°C. However, they argued that formation of a thin oxide layer ͑Ga oxide͒ during the treatment was responsible for the reduction of leakage currents.
Suppression of leakage current was also attempted by insertion of an ultrathin Al 2 O 3 passivation film which we have recently developed for GaN and AlGaN surfaces. 28, 29 The process sequence was as follows. First, the AlGaN surface was treated in the electron cyclotron resonance ͑ECR͒ N 2 plasma at 280°C for 1 min. This treatment partially recovers or terminates the N vacancy-related surface defects, leading to reduction of surface-defect traps and surface states on AlGaN. 30 Then, an Al layer with a nominal thickness of 1 nm was deposited by molecular beam deposition at room temperature, followed by its oxidation using ECR-excited O 2 plasma. Finally, the sample was annealed at 700°C for 10 min under ultrahigh vacuum condition. Figure 12͑b͒ compares the I -V curves of Ni/n-Al 0.15 Ga 0.85 N Schottky diodes with and without 1 nm thick Al 2 O 3 film. More than 2 orders of magnitude reduction of leakage current was observed for the diode with the Al 2 O 3 passivation layer. The simulation result indicated that the N vacancy-related defect was greatly reduced by the insertion of a thin Al 2 O 3 layer as shown on the right of Fig. 12͑b͒ .
V. CONCLUSION
Attempts were made to perform a rigorous computer simulation of the current transport in GaN and AlGaN Schottky diodes on the basis of the TSB model. First a simulation program for current transport of a Schottky barrier having an arbitrary potential profile was developed. Then, it was applied to calculation of I -V curves for various spatial density distributions and various energy depths of defect donors on the basis of the TSB model. As a result, by assuming presence of N vacancy-related deep donors with an exponentially decaying density distribution from the surface, the simulation reproduced almost perfectly experimental I -V -T curves of GaN and AlGaN Schottky diodes measured by our group as well as by other groups. This clearly proves the validity of the TSB model as the mechanism of anomalously large current leakage in nitride-based Schottky diodes. Attempts were also made to suppress surface defect donors at the GaN and AlGaN surfaces. A low-energy electrochemical metal deposition and a metal-insulator-semiconductor Schottky structure using an ultrathin Al 2 O 3 film realized 2-3 orders of magnitude reduction of leakage currents, indicating very large reduction of deep defect donors.
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